Antiretroviral therapy (ART) has reduced the incidence of human immunodeficiency virus (HIV)-related morbidity and mortality. However, increasing evidence suggests that chronic inflammatory medical illnesses, including cardiovascular disease, diabetes mellitus, chronic kidney and liver disease, osteoporosis, and cancer, occur more frequently and/or at earlier ages in HIV-infected individuals [1] [2] [3] [4] [5] [6] [7] . Hepatitis C virus (HCV) persists in approximately 75% of infected individuals, and chronic infection is similarly associated with liver inflammation and increased risk of diabetes mellitus, kidney disease, and liver cancer [8] [9] [10] . Coinfection with HIV and HCV is associated with enhanced progression of hepatic inflammation-linked pathology, increased HIV-related kidney disease and renal failure, cardiovascular disease, and higher risk of diabetes relative to monoinfections [3, 11] . The pathogenesis of HIV-and HCV-related chronic inflammation is complex and not completely understood.
One of the important pathways of inflammation associated with viral infection involves activation of inflammasomes. Inflammasome assembly results in recruitment and activation of caspase-1 and cleavage of the pro-forms of interleukin (IL)-1β and IL-18 into active, mature cytokines that are secreted. IL-1β and IL-18 are proinflammatory cytokines known to mediate inflammation. Elevated IL-18 is associated with a variety of inflammatory conditions, including diabetes, atherosclerosis, and kidney and liver disease. Elevated levels of IL-18 in human serum are associated with a significantly increased risk of type 2 diabetes, and systemic administration of IL-18 promotes diabetes development in young nonobese diabetic mice [12, 13] .
IL-18 promotes atherosclerotic plaque growth and vulnerability, and high levels of circulating IL-18 precede the onset of coronary events in healthy men and in simian immunodeficiency virus-infected and -uninfected macaques [14, 15] . IL-18 plays an integral role in the development of renal dysfunction during a variety of inflammatory disease processes and in endotoxin-induced liver inflammation and sepsis [16, 17] .
Existing studies suggest a role for inflammasome activation in HIV and HCV infection. Previous studies have shown that viremic HIV-infected individuals have higher plasma levels of IL-18 compared with uninfected and ART-treated individuals [18, 19] . Our group showed previously that IL-18 plasma levels are low prior to HCV infection, increase significantly with acute HCV infection, then decrease to intermediate levels with progression to chronic infection [20] . Polymorphisms in the IL-18 promoter that lead to increased IL-18 and IL-18 binding protein production increase the odds of spontaneous HCV control [21] . We demonstrated previously that endocytosis of HIV or HCV virions activates the inflammasome in monocytes and macrophages and induces production of IL-18 and other proinflammatory cytokines [22] . Finally, a recent study demonstrated that HIV-induced CD4 T-cell depletion is driven primarily by inflammasome-mediated cell death (pyroptosis) through abortive HIV infection of CD4 T cells in lymphoid tissues [23] . In this study, we assessed IL-18 levels in HCV monoinfection, HIV monoinfection, and HIV/HCV coinfection, which might explain pathogenesis seen in HIV/HCV coinfection.
METHODS

Study Participants
Serum samples from HCV-monoinfected, HIV-monoinfected, and HIV/HCV-coinfected subjects were obtained from the AIDS Linked to the IntraVenous Experience (ALIVE) study, an ongoing, prospective, community-recruited, observational cohort study of people who inject drugs (PWID) in Baltimore, Maryland. Participants in this cohort provided written informed consent and received counseling to reduce drug use. A detailed study protocol has been previously described [24] . The ALIVE cohort enrolled HIV-uninfected and HIV-infected PWID, 89% of whom were HCV seropositive at baseline, and collected semiannual blood samples during follow-up. This study conformed to all relevant ethical guidelines, and the institutional review board of the Johns Hopkins University approved this study protocol. Samples were selected from 440 individuals chronically infected with one or both infections and divided into three categories: HIV-monoinfected (HIV antibody [Ab] positive, HCV-RNA negative), HCV-monoinfected (HIV-Ab negative, HCV-Ab positive, HCV-RNA positive at ≥1 visit in the chronic infection phase), and HIV/HCV-coinfected (HCV-Ab and HIV-Ab positive, and HCV-RNA positive at ≥1 visit in the chronic infection phase). An additional 32 samples were included from the John Hopkins Adult HIV clinic to increase the number of white subjects studied because the ALIVE cohort is primarily African American [25] . Both of these samples derived from the same underlying Baltimore population and approximately 40% of HIV-infected ALIVE participants receive their HIV care from the Johns Hopkins HIV clinic. None of the 472 subjects tested self-reported being on ART, but 25 subjects had HIV-RNA levels <500 copies/mL.
HIV/HCV-antibody seronegative subjects were defined as uninfected and were obtained from the Baltimore Before and After Acute Study of Hepatitis (BBAASH), an ongoing prospective, community-recruited, observational cohort study of PWID in Baltimore, Maryland [26] . Participants in this cohort provided written informed consent and received counseling to reduce drug use. A detailed study protocol has been previously described [26] . Uninfected donors remained HCV-RNA negative and HCV-Ab negative for 24 consecutive monthly visits at the time of release from the study.
To assess the effect of incident HIV, an additional 14 subjects with chronic HCV infection who acquired incident HIV infection were also selected from the ALIVE cohort. In addition, to assess the effects of ART on IL-18 levels, we obtained 55 HIV/ HCV-coinfected and 21 HIV-monoinfected additional subjects from ALIVE on ART with undetectable HIV-RNA.
IL-18 Measurement
Serum IL-18 was measured using the human IL-18 enzymelinked immunosorbent assay kit (MBL International, Woburn, MA). The assay was performed per the manufacturer's recommendations. In brief, all samples were diluted 1:5 and run in duplicate. Average IL-18 values were reported as picograms per milliliter (pg/mL). Data were acquired using a SpectaMax M5 (Molecular Devices, Sunnyvale, CA).
Cytokine Measurement
The Meso Scale Discovery (MSD; Rockville, Maryland) multiplex cytokine, proinflammatory, and chemokine electrochemiluminescence immunoassays were used to assess 16 additional analytes (see Results). The assays were performed in accordance with the manufacturer's recommendations. Data were acquired on a SECTOR Imager SI2400. Results were analyzed using MSD Workbench software.
Statistical Analysis
Before analysis, IL-18 values were normalized by log 10 transformation. To compare whether IL-18 levels differed across groups, we used 1-way analysis of variance (ANOVA) and subsequent t tests for pairwise comparisons. Univariable and multivariable linear regression models were run to identify independent associations between HIV/HCV status, demographic characteristics, and clinical factors independently associated with IL-18 and other cytokine and chemokine levels. Finally, paired t tests were used for intraindividual comparisons of IL-18 levels prior to and after HIV infection.
IL-18 and MSD multiplex testing was completed on 559 subjects. Of the 559 subjects, 86 were HIV monoinfected, 198 were HCV monoinfected, 188 were HIV/HCV coinfected, and 87 were infected with neither virus. To confirm that we were not observing confounding effects from drug use, the 87 HIVnegative and HCV-negative subjects used as the uninfected control group were active PWID. Demographic characteristics of the infected subjects are shown in Table 1 . The demographic characteristics of the HIV/HCV-negative subjects were unavailable. Of the remaining infected subjects, 71.8% of subjects were male and 81.4% were African American, and the median age was 46 years (range, 21-70 years).
Elevated Levels of the Proinflammatory Cytokine IL-18 Are Observed in Untreated HIV/HCV Coinfection
We initially evaluated IL-18 levels in subjects who had not been on ART and in whom HCV had not been treated. The median values of IL-18 seen in each group were as follows: HIV/HCV uninfected, 278 pg/mL (interquartile range [IQR], 156-406 pg/mL); HCV monoinfected, 466 pg/mL (IQR, 316-669 pg/ mL); HIV monoinfected, 544 pg/mL (IQR, 347-1095 pg/ mL); and HIV/HCV coinfected, 1009 pg/mL (IQR, 637-1722 pg/mL). Serum IL-18 levels were significantly higher in HIV/ HCV-coinfected and HCV-and HIV-monoinfected subjects compared with uninfected active PWID subjects (P < .0001; Figure 1 ). Additionally, HIV/HCV-coinfected subjects had significantly higher IL-18 levels than either HCV-or HIVmonoinfected subjects (P < .0001; Table 1 and Supplementary  Table 1 ). Last, HIV-monoinfected subjects had significantly higher IL-18 levels than HCV-monoinfected subjects (P < .001; Figure 1 ). The inflammasome-associated cytokine IL-1β did not differ significantly between groups. However, serum levels were very low in all groups. Of the 559 subjects tested for IL-1β, 13% had undetectable levels, and 86% of those detectable were not quantifiable (Supplementary Figure 3) .
IL-18 Levels Are Associated With Detectable HIV-RNA, CD4 Count, and Race
Univariable linear regression was performed to evaluate what factors other than infection status were associated with serum IL-18 levels ( Table 2 ). In this model, detectable HIV-RNA was strongly associated with higher IL-18 levels, as were lower CD4 counts. We could not assess the relationship between HCV-RNA levels and IL-18 levels because multiple methods were used to detect HCV-RNA in the ALIVE cohort. However, we have previously shown no correlation between the level of HCV-RNA and IL-18 [20] . No association was found between IL-18 and sex. However, there was an association between older age and lower IL-18. African American subjects had higher IL-18, a finding of borderline statistical significance in univariable analysis. In the multivariable analysis, race became more significantly associated with IL-18 levels (Table 2 ). However, controlling for sex, race, and age did not affect the associations of HIV/HCV coinfection vs either monoinfection ( Table 2,  Supplementary Table 1) .
Detectable HIV-RNA remained strongly associated with IL-18 in multivariable analysis (Table 2) , as did CD4 level [18, 22] . To determine if the significantly higher IL-18 levels in HIV monoinfection compared with HCV monoinfection observed in Figure 1 held true across all CD4 counts, IL-18 levels were stratified by CD4 count (<200, 200-500, and >500 cells/μL). lower limit of quantitation. Arrow: median of HIV/HCV coinfection group. IL-18 levels in uninfected, HCV-monoinfected, and HIV-monoinfected subjects are statistically different from those in HIV/HCV-coinfected subjects (****P < .0001). IL-18 levels were significantly higher in HIV-monoinfected subjects than in HCVmonoinfected subjects (**P < .001). Groups were compared using a 1-way analysis of variance and adjusted for multiple comparisons.
Serum IL-18 levels in HIV-monoinfected subjects with <200 CD4 cells/μL and with 200-500 CD4 cells/μL were significantly higher than levels in HCV-monoinfected subjects (P < .0001 and P = .0002, respectively; Figure 2A ). In contrast, serum IL-18 levels in subjects with CD4 counts >500 cells/μL were not statistically different from levels in HCV-monoinfected subjects ( Figure 2A ). However, serum IL-18 levels in HIV-monoinfected subjects with CD4 counts >500 CD4 cells/μL remained statistically higher than the levels in HIV-and HCV-uninfected PWID (P = .0002, data not shown). In combined analysis of HIVmonoinfected and HIV/HCV-coinfected subjects, CD4 count was inversely correlated with IL-18 levels (R 2 = 0.236; Figure   2B ).
Infection With HIV and ART Suppression of HIV Alter IL-18 Production
To test whether IL-18 induction is additive in HIV/HCV coinfection, we obtained an additional 14 subjects from the ALIVE cohort who were chronically HCV infected and subsequently acquired incident HIV infection. Two time points during chronic HCV/pre-HIV infection and two time points after HIV acquisition were tested. The first HIV/HCV-coinfected time point tested for all subjects was the first visit at which HIV-Ab became A, Serum IL-18 levels grouped by absolute CD4 counts <200, 200-500, and >500 cells/ μL in HIV-monoinfected subjects and compared to levels in HCV-monoinfected subjects. Serum IL-18 levels in subjects with <200 and 200-500 CD4 cells/μL were significantly higher than in HIV-uninfected HCV-infected subjects (****P < .0001 and ***P = .0002, respectively). Serum IL-18 levels in subjects with >500 CD4 cells/μL were not statistically different from levels in HCV-infected subjects without HIV. B, Linear regression of log 10 IL-18 vs log 10 CD4 counts; negative correlation R 2 = 0.236. Statistical analysis was performed using univariable and multivariable linear regression models.
detectable. IL-18 levels in the same subject did not significantly differ between the two pre-HIV infection specimens or between the two post-HIV infection specimens ( Figure 3A) . In contrast, comparison of IL-18 levels pre-and post-HIV infection revealed a significant increase in IL-18 levels upon incident HIV infection in the setting of chronic HCV infection ( Figure 3A) . To further assess IL-18 variability over time in the absence of incident HIV infection, 10 chronically HCV-monoinfected subjects from the ALIVE cohort were examined at two time points approximately 10 years apart. In contrast to changes seen with incident HIV infection, we saw no significant difference in IL-18 levels in chronic HCV infection over time (Supplementary Figure 1) .
To test whether HIV treatment is associated with normalization of IL-18 levels, we obtained an additional 55 HIV/HCVcoinfected and 21 HIV-monoinfected subjects from ALIVE on ART with undetectable HIV-RNA. In HIV-monoinfected subjects, we saw that HIV suppression by ART was associated with significantly lower IL-18 levels vs HIV-monoinfected subjects not on ART (P < .001). In fact, HIV suppression by ART was associated with IL-18 levels in HIV-monoinfected subjects comparable to IL-18 levels in uninfected subjects ( Figure 3B) . In coinfected subjects, we saw that HIV suppression by ART was associated with lower IL-18 levels vs HIV/HCV-coinfected subjects not on ART (P < .0001; Figure 3C ). However, IL-18 levels remained significantly higher than in uninfected subjects and were comparable to IL-18 levels measured in HCV monoinfection. This suggests that the elevated IL-18 levels observed in HIV/HCV coinfection can be reduced by ART but that HCV infection remains a cause of IL-18 elevation in coinfected patients treated with ART.
Other Serum Cytokines and Chemokines Are Also Associated With HIV/ HCV Coinfection
In addition to increased IL-18, HIV/HCV coinfection also led to increased levels of IFN-gamma-inducible protein 10 (IP)-10, IL12/23p40, IL-15, and interferon gamma (IFN-γ) vs either monoinfection (Figure 4) . Additionally, HCV-or HIVmonoinfected subjects had significantly higher levels of these analytes than did uninfected subjects (Figure 4) . Controlling for age, sex, and race in a multivariable analysis showed that IP-10, IL12/23p40, IL-15, and IFN-γ were independently associated with HIV/HCV coinfection when compared to either monoinfection (Supplementary Table 2 ).
Serum levels of 10 additional analytes (tumor necrosis factor-α, Macrophage inflammatory protein (MIP)-1β, IL-7, IL-16, IL-6, IL-10, IL-8, eotaxin, MIP-1α, and IL-2) were assessed in the 4 groups. No significant differences in the levels of those analytes were found between HIV/HCV coinfection and either monoinfection ( Supplementary Figures 2 and 3) . Median values, IQRs, and multivariate estimates for these analytes are listed in Supplementary Tables 2 and 3 . **** **** **** Figure 3 . Infection with human immunodeficiency virus (HIV) increases serum interleukin-18 (IL-18) whereas antiretroviral therapy (ART) suppression of HIV is associated with lower IL-18 production. A, Serum IL-18 levels were measured in 14 subjects with chronic hepatitis C virus (HCV) infection at two time points prior to and two time points after incident HIV infection. IL-18 levels were significantly different upon incident HIV infection (between the last preinfection and first postinfection time point; ***P < .001, paired Student t test), but not between the two baseline preinfection visits or between the paired post-HIV infection visits. B, Serum IL-18 levels were compared between HIV-monoinfected, HIV-monoinfected on ART, and HIV/HCV-uninfected subjects. Dashed line: lower limit of quantitation (LLOQ). Arrow: HIV/HCV-uninfected subject median. HIV-monoinfected on ART and the HIV/HCV-uninfected groups were both statistically different from the HIV-monoinfected group (***P < .001 and ****P < .0001, respectively), but not from each other. C, HIV/HCV-coinfected, HCV-monoinfected, HIV/HCV-coinfected on ART, and HIV/HCV-uninfected subjects. Dashed line: LLOQ. Arrow: HCV monoinfection median. All groups were statistically different from HIV/HCV coinfection (P < .0001). Both B and C were compared using a 1-way analysis of variance and adjusted for multiple comparisons.
DISCUSSION
This study provides a detailed assessment of serum IL-18 levels in HIV and HCV monoinfections and in HIV/HCV coinfection, controlling for the first time for demographic factors and comparing to both monoinfections. One previously published study demonstrated higher IL-18 levels in HIV/HCV coinfection than in HIV monoinfection, but there was no assessment of IL-18 levels in HCV monoinfection and the total number of subjects in all categories combined was 29, preventing control for other variables that could affect IL-18 levels, including race, sex, or age [27] . We have shown that IL-18 is higher in coinfected than in monoinfected or uninfected subjects ( Figure 1A , Table 2 ). Higher IL-18 in HIV and HCV monoinfection compared with uninfected individuals has been shown previously. Thus, we chose to focus on comparing IL-18 levels among infections. The observation of increased IL-18 in HIV/HCV coinfection vs both monoinfections is novel and may explain the advanced disease progression seen in coinfected individuals [11] . Interestingly, when comparing HIV monoinfection to HCV monoinfection, we saw that IL-18 levels were significantly higher in HIV monoinfection, suggesting that HIV more robustly induces inflammasome activation ( Figure 1A , Table 2 ).
To further investigate the role HIV and HCV play in coinfection pathogenesis, we assessed the relationship between IL-18 and characteristics of viral infection. We found an association between IL-18 levels and detectable HIV-RNA (Table  2 ). Our group has previously shown no correlation between IL-18 and HCV-RNA levels except that detectable HCV-RNA is associated with increased IL-18 [20] . Additionally, we found that lower CD4 cell counts correlated with higher IL-18 levels ( Figure 2B ). The association between CD4 depletion and serum IL-18 in vivo supports a prior study showing that CD4 depletion results from abortive HIV infection and activation of the inflammasome, resulting in pyroptosis and release of IL-18 and IL-1β [23] . Unfortunately, we were unable to assess production of IL-1β because the cytokine is undetectable in serum (Supplementary Figure 3) . However, we would hypothesize that IL-1β follows a similar trend within the tissue.
Incident HIV infection in subjects chronically infected with HCV resulted in a significant increase in IL-18 ( Figure 3A) . Conversely, ART was associated with significantly lower IL-18 levels in both HIV/HCV-coinfected and HIV-monoinfected subjects compared with subjects not on ART ( Figure 3B and 3C). These findings support that sensing of virus drives IL-18 production, consistent with previous in vitro data [21, 28, 29] . We were unable to assess how acquisition or resolution of HCV infection affected IL-18 levels in HIV-infected subjects, as HCV is almost universally acquired first in PWID and spontaneous HCV resolution in the setting of HIV infection is rare. However, we have previously shown that spontaneous control of HCV monoinfection results in return of IL-18 levels to baseline levels measured prior to infection [20] .
Finally, we found 3 additional cytokines (IL-12/23p40, IL-15, and IFN-γ) and 1 chemokine (IP-10) to be significantly elevated in HIV/HCV coinfection compared with both monoinfections (Figure 4 ). IP-10 is thought to be a cross-talk cytokine in HIV/ HCV coinfection and has been previously reported as increased in this setting [30, 31] . IL-15 elevation, also previously reported, has been suggested to play a role in inflammation, liver damage, and advanced fibrosis seen in coinfected subjects [32, 33] . Increased IL12/23p40 subunit and IFN-γ have not been previously reported , and IL12/23p40 levels were significantly increased in coinfection compared with either monoinfection and uninfected groups. Dashed line: lower limit of quantitation for each analyte. ****P < .0001; **P < .01. Groups were compared using a 1-way analysis of variance and adjusted for multiple comparisons.
to be elevated in coinfection. IL-12 and IL-23 can regulate both IFN-γ and IL-18 responses to viral infections. Additionally, IL-18 is known to induce T cells to make IFN-γ, particularly in the presence of IL-12 [34] [35] [36] . Detection of elevated levels of these cytokines that are coordinately regulated with or by IL-18 supports our finding of elevated IL-18 in HIV/HCV coinfection. In summary, we have shown that IL-18 is increased in HIV/HCV coinfection when compared with monoinfection and that this increase is likely due to additive sensing of both viruses. Incident HIV increases IL-18 in HCV-infected subjects, and ART is associated with reduced IL-18 levels in both HIV-monoinfected and coinfected subjects. Given the association with increased IL-18 and inflammatory conditions seen more commonly in HIV and HCV infection and coinfection, increased IL-18 levels may explain the enhanced disease progression observed in coinfected individuals. ART has been shown in some studies to reduce the risk of inflammatory complications in coinfected individuals over those with HCV alone, but does not eliminate all risk associated with HIV [37] . The time of ART initiation is variable and damage from unchecked HIV viremia may occur prior to ART administration. Thus, ART-associated reductions in IL-18 might not completely mitigate the increased risk of coinfection. ART use in coinfected subjects was associated with reduced IL-18 levels, but only to HCV monoinfection levels, not to the levels seen in uninfected controls. IL-18 production returns to baseline with spontaneous HCV clearance, and we hypothesize that successful HCV treatment would mimic spontaneous clearance [20] . These data provide additional support for early treatment of HIV and, by analogy, HCV. There is a range of IL-18 levels in coinfection, potentially permitting an assessment of the relationship between elevated serum IL-18 and increased incidence and progression of inflammatory conditions in coinfection. If IL-18 is implicated, this will enhance our understanding of coinfection pathogenesis and direct potential therapeutic interventions.
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